Two types of dopamine sensitive and selective electrodes were prepared based on nano nickel modified glassy carbon electrode (nano-Ni-nafion/GCE) and nano nickel modified graphite electrode (nano-Ni-nafion/GE). Nafion film was proven to enhance the selectivity of dopamine (DA) against ascorbic acid (AA). The substrate (i.e., glassy carbon or graphite) was first coated with nafion film. Then electrodeposition of nickel nanoparticles was carried out under anodic conditions and directly from 0.1 M NaOH solutions containing 12 mM gluconate and 12 mM NiSO 4 using cyclic voltammetry in a potential window between -0.1 and 1.1 V vs. Ag/AgCl. The response of the prepared modified electrodes towards dopamine was found to be linear in the concentration range 1-2000 ppm with a detection limit of 1.62 µM (nano-Ni-nafion/GCE) and 0.29µM (nano-Ni-nafion/GE). DA sensors exhibited a sensitivity of 13.8,61.3 mA mol -1 L for nano-Ni-nafion/GCE and nano-Ni-nafion/GE, respectively. A recovery study of DA using the optimized DA sensors indicated an average recovery of 97.9% (nano-Ni-nafion/GCE) and 99.2% (nano-Ni-nafion/GE).
Introduction
Dopamine is a potent neuromodulator, it affects many sides of brain circuitry, neuronal plasticity, the organization and the control of stress responses. It is also of crucial importance in the attention span, learning, and memory [1] [2] [3] [4] . Dopamine also impacts the cardiovascular and renal systems [5] [6] [7] and a group of motivated behavior (e.g., perceiving rewards and pleasure). Low levels or practically complete depletion of dopamine in the mean central nervous system is involved as a main cause of many neurological diseases (e.g; Schizophrenia and Parkinson's disease).
Electrochemical methods offer several advantages for direct measurement of dopamine such as a rapid response with remarkable accuracy and relatively ease of operation. In the recent years, numerous attempts have been made to improve those methods. Different electrode substances have been examined, including carbon, metal and boron-doped diamond electrodes [8, 9] . Different electrolytes were utilized as well including ionic liquids [10] . Modified electrodes with self-assembled monolayers [11, 12] , covalent modification [9] [10] [11] [12] [13] , nanotubes, nanowires, nanoparticles [14] [15] [16] [17] [18] [19] [20] , perm-selective membranes [21] , and conductive polymer films have been reported to have favorable impact on detection of dopamine (DA) in the presence of ascorbic acid (AA) and/or uric acid (UA) [16, [22] [23] [24] [25] .
Conducting polymers have been used for the preparation of DA sensors. Some conductive polymers with pendant groups (e.g; amine or carboxylic)that react electrostatically with the analyte or interferent molecules and resulted in better separation of the redox signals of DA, AA, and UA have been explored [22, 24, 26, 27] . Another strategy to modify the electrode surface and enhance its response towards DA is performed by immobilization of enzymes (e.g., tyrosinase) which are selective toward DA molecules [27] [28] [29] [30] [31] [32] [33] . Although those methods are proved successful in the construction of DA sensors they involve complicated procedures and use of expensive reagents.
Herein, we report simple, selective, highly sensitive and cost-effective electrochemical sensors for DA based on nickel oxide nanoparticles deposited on either low-cost graphite or glassy carbon electrodes.
Experimental

Reagents
All chemicals were of analytical grade and used as received. Nickel sulfate, NaOH, sodium gluconate, sodium sulfate, dopamine, nafion and ascorbic acid were purchased from the ADWIC laboratory chemicals (Egypt). The stock solution of dopamine (2000 ppm) was prepared in 0.1 M sodium sulfate. Doubly distilled water was used in preparation of all solutions.
Instruments
Electrochemical preparations and measurements were performed using interface 1000 Gamry electrochemical workstations provided with full software package. A conventional three electrode system was applied. The working electrode was glassy carbon electrode (GCE) or graphite electrode. The reference electrode was Ag/AgCl (3.0 mol L -1 KCl) and the counter electrode was a platinum wire. All experiments were carried out at room temperature. The morphology of the modified electrodes was investigated using a field emission scanning electron microscope (FESEM) (Fei Quanta 250 FEG model).
Electrochemical preparation of Ni/GCE
Prior to electrodeposition, GCE with diameter of 3 mm was polished with 0.05 μm alumina slurry on a polishing microcloth and rinsed thoroughly with ethanol and doubly distilled water to give a clean surface. Electrodeposition at the bare glassy carbon electrode was accomplished using cyclic voltammetry (CV) by scanning between -0.1 and 1.1 V vs. Ag/AgCl at a scan rate of 100 mV/s for 5 cycles from a fresh solution of 0.1M NaOH containing 12 mM NiSO 4 and 12 mM gluconate.
Results and discussion
3.1 DA sensors based on glassy carbon substrate Figure 1 shows the cyclic voltammogram (CV) of electrodeposition of Ni nano particles on a clean GCE. As can be seen from this Figure by increasing the number of scans, the anodic and cathodic peaks increased gradually. A pair of redox peaks appeared at 0.53V and 0.35V.This pair of peaks can be attributed to the redox of NiOOH/Ni(OH) 2 [34] [35] . Changes in position of the peaks are probably due to changes in crystal structures of the nickel hydroxide and nickel oxyhydroxide constituents. Electrochemical behavior corresponding to the anodic and cathodic peaks is attributed to the redox couple according to equations (1,2):
Preparation and surface characterization of nano-Ni /GCE
Succeeding the 5 cyclic voltammograms on the NiSO 4 electrolyte, the prepared electrode was subjected to electrochemical activation by multiple cycling in 0.1M NaOH in a potential window of 0 to 0.6 V (versus Ag/AgCl).
FESEM was employed to investigate the morphology of bare glassy carbon electrode and nano-Ni/GCE. Figure 2 shows the FESEM images of bare GCE (a) and the prepared nanoNi/GCE (b). Those monographs clearly indicate that the surface of GCE prepared under such conditions is coated with nickel nanoparticles, and the nickel nanoparticles had average diameter of 27.56 nm. 
Electrocatalytic oxidation of dopamine at the nano-Ni/GCE
The electrochemical responses towards dopamine in 0.1 M Na 2 SO 4 solution at nano-Ni/GCE curve (a) and a bare GCE curve (b) are shown in Fig.3 . The electrochemical response of the nano-Ni/GCE exhibits well-defined anodic and cathodic peaks associated with the Ni(III)/Ni(II) redox electrolyte solution. The anodic peak is attributed to the generation of NiOOH species from oxidation of Ni(OH) 2 .The generated NiOOH reacts with dopamine via chemical reaction and Ni(OH) 2 is regenerated.
NiOOH + dopamineNi(OH) 2 + Product (3) 
Optimization the response of nano-Ni /GCE towards DA
Different parameters (e.g., number of cycles, concentration of NiSO 4 , NaOH and scan rate) were investigated to optimize the response of nano-Ni/GCE towards DA. The effect of such variables on the responses of nano-Ni /GCE towards the oxidation of dopamine was performed by measuring the oxidation peak current, observed in CV of 2000 ppm of dopamine prepared in 0.1M Na 2 SO 4 . Effect of each variable was represented graphically by plotting the change in this variable versus the oxidation peak current to determine optimal conditions.
Influence of the number of cycles
The effect of number of cycles during electrodeposition of Ni at a scan rate of 100 mV/s was studied. The best voltammetric profiles with well-defined peaks and highest catalytic efficiency of the nano-Ni /GCE was obtained using 5 cycles as can be seen in Figure 4 . 
3.1.3.2The influence of concentration of NaOH
Nickel nanoparticles were electrodeposited for a bathing solution containing different concentration of NaOH. The electrochemical response of the prepared nano-Ni/GCE towards dopamine was then measured. As can be seen in Figure 5 , the concentration of NaOH which gives the best result was found to be 0.1 M NaOH. influence of NaOH concentrations on the oxidation peak current of dopamine..
The influence of concentration of NiSO 4
Nickel nanoparticles were electrodeposited from a bathing solution containing different concentration of NiSO 4 .The electrochemical response of the resulted nano-Ni/GCE towards dopamine indicated that the concentration of NiSO 4 which gives the best result is 12 mM NiSO 4 as can be seen in Figure 6 . Cyclic voltammetric experiments of 2000 ppm dopamine prepared in 0.1 M Na 2 SO 4 were carried out using the nano-Ni/GCE at various scan rates (ν). At high scan rates, the oxidation peak current increased and the oxidation peak gets sharper. Although high scan rate is favorable to enlarge the response and decrease the analysis time, the precision of measurement deteriorated at scan rate of ≥ 200 mVs -1 .Therefore,scan rate of 100 mVs 1 was selected (Fig. 7) . 
Reproducibility and stability of nano-Ni/GCE
The reproducibility of the nano-Ni/GCE for dopamine determination was investigated with intra-assay precisions. The intra-assay precision of the sensor was evaluated by assaying 2000 ppm dopamine using the nano-Ni/GCE several times. The relative standard deviation (R.S.D.) for 10 successive determinations was found to be 1.23 %, demonstrating an excellent reproducibility (Fig. 8) . Thus, the prepared nano-Ni/GCE offers an outstanding reproducibility for dopamine determination.
The stability of nano-Ni/GCE based dopamine sensor was tested by checking the current responses at a fixed dopamine concentration of 2000 ppm over a period of four weeks.
Between measurements the nano-Ni/GCE sensor was kept at ambient temperature. The current response of the sensor remained stable for 21 days, then the current response decreases by 1.7 % (Fig 9) , suggesting reasonable stability of the prepared dopamine sensor. 
The effect of interfering ions
The selectivity of the nano-Ni/GCE based on dopamine sensor was also tested against the most common interfering ions namely AA and UA. The criterion of the interference is based on the current response. If the addition of a given species causes a current change of 10 % or more this indicates that the interferent causes serious interference. As can be seen in Fig 10 ascorbic acid is a major interferent and greatly reduces the sensitivity of nano-Ni/GCE towards dopamine. A loss of ~85% of the dopamine signal was observed at equimolar concentration of both DA and AA (Fig. 10, curve c) , which indicates a serious interference of AA. We attempt to resolve this issue first by adding nafion on the surface of GCE before electrodeposition of nickel nanoparticles. Nafion was selected because it is anticipated that nafion with its negative charge will act as anion barrier for AA and UA and would allow DA to reach the active sites of the sensing film. Indeed, nano-Ninafion/GCE exhibited an improved selectivity towards DA in presence of AA. In this case the dopamine signal was deteriorated only by 20 % at equimolar concentration of DA and AA (see data depicted in Table 1 ), this in comparison with the significant interference in absence of nafion as indicated above. To further improve the selectivity of the prepared sensors towards AA we tested graphite as a new substrate since it is known that graphite substrate has also multifunctional anionic groups [36] [37] [38] .A nafion layer was first deposited to graphite prior to electrodeposition of nickel to yield a nano-Ni-nafion/GE. The results obtained using nano-Ni-nafion/GE revealed a significant improvement in the selectivity towards DA as shown in Table 1 . As can be noticed in Table 1 , there is only a ~ 3% decrease in DA signal in the presence of equimolar concentration of DA and AA. Furthermore, it could be noticed in Table 1 that the sensitivity offered using graphite is about 5 -fold higher than that of glassycarbon based DA sensor. This observation directed our study towards the use of graphite substrate coated with nafion layer instead of GC to enhance the selectivity and sensitivity. It is worth mentioning that UA exhibited similar effect as AA. 
Preparation and surface characterization of nano-Ni-nafion/GE
Prior to electrodeposition, 10µl portion of nafion solution was drop casted onto the surface of graphite electrode. Electrodeposition of nickel nano particles was then performed at the nafion-graphite using cyclic voltammetry (CV). The potential was scanned between -0.1 and 1.1 V vs. Ag/AgCl at a scan rate of 100 mV/s for 5 cycles from a fresh solution 0.1M NaOH solution containing 12 mM NiSO 4 and 12 mM gluconate (Fig 11) . X-ray diffraction (XRD) pattern of the surface of GE contains five clear peaks deserve discussion (Fig 12 (c) ). The well-defined characteristic sharp peaks appeared at 2 26º and 54 o which can be indexed to the (002) and (004) reflection for hexagonal graphite (JCPDS card no. 00-056-0159). Moreover, the diffraction pattern exhibits two distinctive peaks at 244.4 and 76.3 degrees, which can be indexed to the (111) and (220) In addition, a small peak appeared at 2θ  43.301 o which can be readily indexed as (200) crystal plane of the bulk NiO (JCPDS card no. 47-1049). The sharpness and the intensity of the peaks indicated the well crystalline nature of the prepared phases. The smaller intensity of the Ni and NiO peaks with respect to those of graphite can be correlated to the deposition of ultra-thin film of nano-Ni-nafion on the electrode surface which approaches the XRD detection limit.
The influence of number of cycles
The effect of number of CV cycles during electrodeposition of Ni at nafion graphite was studied. The best voltammetric profiles with well-defined peaks and highest catalytic efficiency of the nano-Ni-nafion/graphite electrode was obtained using 5 cycles as can be seen in Fig.13 (a) (a) (b) Fig .13 : Response of 2000 ppm dopamine in 0.1M Na 2 SO 4 at nano-Ni-nafion/GE using different number of cycles (a) and different wt. % of nafion (b) at 100 mVs -1 scan rate.
The influence of nafion
The best voltammetric profiles with well-defined peaks and highest catalytic efficiency of the nano-Ni nafion graphite electrode was obtained using 0.2 wt. % nafion solution for casting as can be seen in Fig 13 (b) .
The effect of nafion on improving the DA selectivity towards DA in presence of AA nafion was further investigated by casting nafion in two different ways. The first involves electrodeposition of Ni was performed before casting the nafion layer (nafion-nano-Ni/GE), and the second electrodeposition of Ni was performed after casting the nafion film (nano-Ninafion/GE). Only nano-Ni-nafion/GE exhibited improved selectivity towards DA and the slope of the calibration curves of DA in presence and absence of AA were practically that same ( Fig. 14 (a) ). On the other hand, the slopes of the response of nafion-nano-Ni/GE towards DA was deteriorated in presence of AA indicating a sever interference (Fig. 14 (b) ). 
Electroanalytical performance and applications of the optimized nano Ni based electrodes.
To assess the analytical performance of the optimized DA sensors based on GCE and GE modified with nafion and nickel nano particles the differential pulse voltammograms (DPVs) for the oxidation of different concentrations of dopamine at optimal conditions were measured. As the concentrations of dopamine increase, the oxidation current signals at nano-Ni-nafion/GCE increase linearly ( Fig15 In comparison with the previously reported dopamine electrochemical sensors, the optimized nano-Ni-nafion/GCE and nano-Ni-nafion/GE based dopamine sensor exhibited reasonable detection limits and sensitivity comparable with most of the previously reported electrochemical sensors (Table 2) . Moreover, the developed dopamine sensors are characterized by low-cost and operational simplicity since there is no complicated modification procedure for the electrode surface or use of expensive materials. 
The analytical utility of the optimized nano-Ni-nafion/GCE and nano-Ni-nafion/GE based dopamine sensor was demonstrated by investigating the dopamine recovery and the results obtained, at optimal conditions, indicated an average recovery of (97.9%) and (99.3%) respectively. Table 3 : Recovery study performed at nano-Ni-nafion/GCE (a) and nano-Ni-nafion/GE sensors (b). 
Conclusion:
Simple, sensitive, selective and environmental friendly sensors were developed for determination of dopamine by differential pulse voltammetry. The surface of GCE or GE was first treated by casting a nafion layer then nickel nanoparticles were electrodeposited to yield a nafion-nano nickel composite. This composite acted as the sensing film for selective oxidation of dopamine. Sensors prepared using graphite exhibited better selectivity and sensitivity. Because of the high electrocatalytic activity, excellent reproducibility and stability, under optimized conditions, the developed Ni based on dopamine sensor exhibited a linear range of 1 ppm to 2000 ppm and a micromolar and sub-micromolar detection limits of 1.62µM and 0.29 µM for nano-Ni-nafion/GCE, nano-Ni-nafion/GE sensors, respectively. Analyticalutility of the modified sensors was demonstrated by examining the recovery of dopamine samples.
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